Abstract. 2014 100 kV cold field-emission STEMs have achieved microanalysis of materials at the nanometre level in recent years. 300 kV STEMs have now been developed to improve the analytical capabilities towards the ultimate goal of atomic sensitivity. The HB603 cold field-emission (CFE) STEMs were optimised for analytical microscopy and results at 300 kV show an improvement in Xray peak-to-background ratio by a factor of 2, and an EELS resolution of 0.4 eV In the Z-contrast imaging mode the high-resolution instrument (HB603U) achieves a point resolution of 0.13nm. 
Introduction.
Field-emission STEMs have been used for many years to achieve the highest analytical performance obtainable by electron microscopy. The VG HB501 series of instruments was designed as 100 kV cold field-emission STEMs to exploit the high source brightness, achieving high resolution X-ray microanalysis at the nanometre level [1] . Similarly, for electron energy loss spectroscopy (EELS) the cold field-emission (CFE) source with an energy spread of a quarter of a volt provides higher energy resolution than any other source available [2] . Recently, the Z-contrast technique developed by Pennycook [3] using the HB501 has provided a new method for both microanalysis and high-resolution STEM imaging at the atomic level.
Medium voltage (300 -400 kV) transmission electron microscopes were developed in the 1980s with the aim of improving the image resolution and microanalysis of 100 kV TEM/STEMs. However, these instruments failed to meet the improvements in analytical performance predicted by theory [4] . A CFE STEM, the VG HB603, was developed as a 300 kV instrument for the highest analytical performance and, as a high-resolution version (HB603U), also for atomic resolution by Z-contrast imaging.
2. Design of a 300 kV CFE STEM.
The VG HB603 series of STEMs is fully computer controlled including the gun and HT system, and has an advanced graphical user interface (GUI). The instruments are ion pumped in the gun and the column (diffusion pump option for the column). Ultra-high vacuum is achieved throughout the instrument to ensure the clean environment which is essential for meaningful high-resolution microanalysis. An automatic bake-out cycle makes achievement of UHV a simple routine. Figure 1 shows the analytical instrument (HB603) and figure 2 is a schematic section of the column.
Fig In order to achieve the best performance for X-ray microanalysis the objective polepieces, specimen holder and X-ray detector have been designed for maximum sensitivity and peak-tobackground (PIB) ratio. The result is a collection angle of 0.3 srad. -almost double that of any previous AEM -at a take-off angle of 20°. In addition, special precautions were taken to minimise the stray X-rays which could reach the detector, i.e. to minimise the "hole" count, by fitting light element materials (e.g. beryllium) in front of all apertures and around the specimen, the specimen holder and the polepieces. A crucial feature of the design is the use of a virtual objective aperture which defines the probe convergence just above the gun, i.e. a considerable distance from the specimen, such that few of the X-rays generated at the edge of the aperture can reach the specimen.
In the HB603 (analytical version) the space available for the side-entry stage allows for high tilt angles of the specimen: ±60° about the eucentric axis and ±45° about the second axis. The stage is a UHV side-entry goniometer with a detachable specimen holder which is loaded from an airlock or preparation chamber. The detachable holder design ensures isolation from the environment and reduces the specimen drift rate to extremely low values, 0.2 nm/min, which is important for high-resolution microanalysis.
For the HB603U (high-resolution version) the objective lens has a spherical aberration coefficient of Cs = 1.0 mm and the specimen tilt range of the eucentric double-tilt holder is reduced to ±10° on each axis. 3. Analytical performance.
3.1 X-RAY MICROANALYSIS. -The X-ray performance was tested with Si(Li) and Ge Oxford Instruments windowless detectors at 100 to 300 kV using a standard chromium film on a copper grid. The peak-to-background (P/B) ratio of the Cr Ka peak is a well-established test of the sensitivity attainable by an electron microscope. The P/B ratio as defined by the Fiori method [5] increases from about 3500 at 100 kV to 6000 at 300 kV, as shown in figure 4 . As reported by Williams and Steel [4] , thirteen other AEMs show no increase of P/B ratio with voltage whereas the HB603 values almost double over the 100 to 300 kV range. The combination of high PIB ratio with large collection angles gives the HB603 a sensitivity for X-ray detection of at least three times higher than for any other AEM [6] . Another crucial test of X-ray performance is that of spurious counts, i.e. the number of X-rays detected when the beam passes through a thin film surrounded by a thick specimen. This is a more critical test than the usual "hole count" measurements which depend on the individual specimen geometry. Our measurements were carried out with a 30 nm chromium film deposited on a holey carbon film on a gold 400-mesh grid, backed by a thick gold ring with 1 mm diameter hole [7] . The beam was positioned at the centre of a grid square and the ratio of AuL counts in 100 seconds with the probe in a hole to CrK counts with the probe on the film was recorded in figure 5 at 100 to 300 kV The comparison with a TEM/STEM measurement under identical conditions [7] in figure 5 shows the fraction of spurious X-rays to be up to 10 times lower with the HB603.
The collection efficiency of the HB603 detector system is so high that count rates of 5-10 kcps are not unusual. At such high input count rates the X-ray analyzer normally has a dead time exceeding 50% [7] ). time interval that the pulse processor is busy. The result, shown in figure 6 , is a throughput within 10% of the theoretical maximum up to about 20 kcps and a maximum output count rate of 30 kcps, depending on processor time. This technique increases the detection efficiency by up to 3.5 times.
EELS PERFORMANCE. -EELS has become a powerful analytical technique in recent years
and the CFE gun has contributed significantly in improving the energy resolution of energy-loss spectra due to its narrow source energy spread (0.25 eV). The high brightness of the CFE gun has led to improvements in spatial resolution to sub-nanometre levels.
The energy resolution of the HB603 fitted with a second-order corrected magnetic sector spectrometer (VG ELS6030) and serial detector was measured at 300 kV Figure 7 shows the low-loss region of an aluminium spectrum for a 1 second exposure; the zero-loss peak has a width of 0.4 eV FWHM and demonstrates the high-voltage stability of 1 ppm.
At 300 kV the electron mean free path is roughly double that at 100 kV [9] and consequently the single scattering regime extends to sample thicknesses of 50-100 nm. EELS data can therefore be analysed quantitatively for specimens which are much easier to prepare and are more representative of the material. The EELS performance at 300 kV thus extends the usefulness of the technique to a much wider range of materials compared to 100 kV From recent results at 100 kV [10] we can also expect 300 kV EELS to achieve atomic resolution.
3.3 DIFFRACTION PERFORMANCE. -The analytical HB603 has three projector lenses, including a high magnification final projector, to give a wide range of camera lengths at the YAG crystal screen. The screen is viewed by a lens-coupled CCD camera and/or a 35 mm film camera. An example of silicon convergent-beam diffraction patterns near the 111 &#x3E; zone axis recorded at 300 kV (Fig. 8) shows the fine structure is well resolved. 4 . High-resolution Z-contrast imaging.
The high-angle annular dark-field (ADF) or Z-contrast technique is rapidly being established as an atomic-resolution analytical technique. Pennycook and co-workers [3] (Fig. 9) clearly show very different characteristics: the coherent imaging CTF has the well-known contrast reversals beyond the Scherzer resolution limit, whereas the incoherent imaging function is monotonic and therefore directly interpretable beyond the Scherzer limit. In a STEM instrument the incoherent imaging conditions are easily satisfied by using an ADF detector of 25-50 mrad inner cut-off angle, depending on the material and acceleration voltage. At 300 kV the incoherent image resolution is 0.125 nm for an objective lens of 1 mm Cs value.
The HB603U was designed to optimise the performance for ADF imaging. The detector arrangement (Fig. 10) The instrument was designed for maximum stability of power supplies and mechanical components, particularly the stage. The detachable specimen holder design is well suited to meet the low drift requirements for imaging at magnifications of 20-50 million times. In practice, the doubletilt eucentric holder achieves a drift rate of less than 0.1 nm per minute. The objective lens was designed for a 1.0 mm Cs value and 1 ppm current stability; beam deflectors were designed to a stability corresponding to less than 0.01 nm deflection at the specimen.
As a resolution test of the instrument a single crystal specimen of silicon 110 &#x3E; was used. Simulated images (Fig. 11) suggest that the dumbbells of 0.136 nm spacing should be resolved by the instrument. This was confirmed experimentally (Fig. 12) at the optimum defocus. Figure 12a shows the unprocessed image for a 20 sec exposure and figure 12b the same image after processing by the maximum entropy (MaxEnt) technique [12] . The fact that the Si dumbbells are clearly resolved shows that the HB603U achieves a Z-contrast point resolution of 0.13 nm. The processed image shows significant noise reduction and defines the atomic positions within 0.02 nm. This suggests that there is information available at the 1 Ângstrom level. With over 20 years of experience in field-emission STEM, 300 kV instruments have been developed with ultimate analytical and high-resolution imaging performance. A number of factors have proved crucial for achieving this level of performance: 1) the cold field-emission gun which, with its narrow energy spread provides high energy resolution EELS, 2) the CFE gun and column which were designed for maximum probe brightness and minimum hole count in all analytical modes, 3) the mechanical and electronic stability of the column and low-drift stage design which guarantee high probe stability, 4) the UHV environment at the specimen which is essential for contamination-free analysis at sub-nanometre level.
5) the control system that is both flexible and user-friendly, and permits a wide range of users to achieve high quality, quantitative results.
